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During mouse embryogenesis GATA-4 is expressed first in primitive endoderm and then in definitive endoderm derivatives,
including glandular stomach and intestine. To explore the role of GATA-4 in specification of definitive gastric endoderm,
we generated chimeric mice by introducing Gata42/2 ES cells into ROSA26 morulae or blastocysts. In E14.5 chimeras,
Gata42/2 cells were represented in endoderm lining the proximal and distal stomach. These cells expressed early
cytodifferentiation markers, including GATA-6 and ApoJ. However, by E18.5, only rare patches of Gata42/2 epithelium
were evident in the distal stomach. This heterotypic epithelium had a squamous morphology and did not express markers
associated with differentiation of gastric epithelial cell lineages. Sonic Hedgehog, an endoderm-derived signaling molecule
normally down-regulated in the distal stomach, was overexpressed in Gata42/2 cells. We conclude that GATA-4-deficient
cells have an intrinsic defect in their ability to differentiate. Similarities in the phenotypes of Gata42/2 chimeras and mice
with other genetically engineered mutations that affect gut development suggest that GATA-4 may be involved in the
gastric epithelial response to members of the TGF-b superfamily. © 2001 Elsevier Science
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Development of the stomach, like other gastrointestinal
organs, entails several sequential steps: differentiation of
definitive endoderm, formation and regional specialization
of the primitive gut tube, followed by morphogenesis and
differentiation of component cell lineages (Grapin-Botton
and Melton, 2000). Insights into the factors that regulate
gut development have been gleaned from model organisms
(Wells and Melton, 1999; Yasuo and Lemaire, 1999). Tissue
recombination experiments and gene targeting studies have
shown that differentiation of gastric epithelium is con-
trolled by mesenchyme-derived signals, including bone
morphogenetic proteins (BMPs) and other members of the
transforming growth factor-b (TGF-b) superfamily (Hayashi
et al., 1988; Kaestner et al., 1997; Kim et al., 2000; Koike
1 To whom correspondence should be addressed. Fax: 314-286-
2892. E-mail: wilson_d@kids.wustl.edu.
34and Yasugi, 1999; Narita et al., 2000; Smith et al., 2000;
Tabata and Yasugi, 1998). Endoderm-derived signaling mol-
ecules, such as Sonic hedgehog (Shh) and Indian hedgehog
(Ihh), also play a role in stomach morphogenesis (Ramalho-
Santos et al., 2000; Sukegawa et al., 2000). However, the
transcription factors required for specification and differen-
tiation of the principal gastric epithelial cell lineages re-
main poorly characterized.
In the adult mouse, the proximal third of the stomach
(fore-stomach) is lined by a squamous epithelium, while the
distal two-thirds is covered by a glandular epithlium con-
taining thousands of mucosal invaginations known as gas-
tric units (Karam et al., 1997; Karam, 1998; Nomura et al.,
1998). Each unit in the central portion of the stomach
contains approximately 200 cells representing the three
principal lineages. The apical third of the unit, the pit
region, is populated with mucus-producing cells. A cen-
trally positioned isthmus contains the multipotent stem
cell(s) and their undifferentiated yet committed descen-
0012-1606/01 $35.00
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35GATA-4 and Gastric Epithelial Differentiationdants. The neck region is located just below the isthmus
and contains mucus-producing neck cells. The base of the
gastric unit contains pepsinogen-positive zymogenic cells.
Acid-producing parietal cells are found in all four regions of
the gastric unit. One of the stem cell’s committed daugh-
ters, the granule-free pit cell precursor, gives rise to prepit
cells within the isthmus which become pit cells as they
migrate up the pit. Zymogenic cells differentiate during a
downward migration from the isthmus to the base of the
gastric units, during which time they undergo a series of
morphologic transformations (granule-free preneck cell pre-
cursor to preneck cells to neck cells to prezymogenic and
finally zymogenic cells). Parietal cells complete their differ-
entiation within the isthmus (granule-free preparietal to
preparietal to mature parietal cell), after which time they
undergo bipolar migration to both the pit and base.
Gastric unit morphogenesis begins during late fetal life,
when the endoderm undergoes cytodifferentiation to an
epithelial monolayer with numerous short infoldings,
termed “primordial buds” (Karam et al., 1997). Approxi-
mately 10% of the epithelial cells in these primordial buds
have the morphologic features of differentiated pit, neck,
parietal, or enteroendocrine cells. Most of the remaining
cells resemble granule-free lineage progenitors. From post-
natal day 1 (P1) to P7, the total number of cells per bud does
not change, but the fractional representation of differenti-
ated pit and neck cells increases. Between P7 and P15, the
buds elongate and form nascent gastric units. Distinct pit,
isthmus, neck, and base compartments are evident by P28.
Stomach glands commence development as polyclonal
units, but by 6 weeks of age the majority have progressed to
monoclonal units (Nomura et al., 1998).
GATA transcription factors have emerged as critical
regulators of endoderm differentiation and development in
a variety of organisms (Bielinska et al., 1999; Crispino et al.,
2001; Fukushige et al., 1999; Ghatpande et al., 2000; Ko-
stetskii et al., 1999; Molkentin, 2000; Pare´ et al., 2001;
Rehorn et al., 1996; Reiter et al., 1999, 2001; Sakamoto et
al., 2000; Shoichet et al., 2000; Weber et al., 2000; Zaret,
1999; Zhu et al., 1997). In vivo footprinting studies suggest
that GATA-binding proteins, in conjunction with other
transcription factors such as HNF-3/fork head factors, im-
part genes with the competence to be selectively activated
in endodermal derivatives (Bossard and Zaret, 1998, 2000;
Denson et al., 2000). Trans-activation and electrophoretic
mobility shift assays indicate that GATA-4, -5, and -6
regulate genes known to be expressed in parietal cells
[H1/K1-ATPase-b subunit (Mushiake et al., 1994; Nishi et
al., 1997b; Tamura et al., 1993)], pit cells [trefoil factors 1
and 2 (Al-azzeh et al., 2000)], and neck/zymogenic cells
[pepsinogen (Sakamoto et al., 1998, 2000)].
Mice deficient in GATA-4, -5, or -6 have been generated
and their phenotypes described. Gata42/2 mice die by E9.5
and exhibit severe defects in ventral morphogenesis and
heart tube fusion (Kuo et al., 1997; Molkentin et al., 1997).
In these embryos, definitive endoderm forms, but the gut
tube does not close. Chimera analysis has shown that
© 2001 Elsevier Science. Awild-type endoderm, presumably visceral endoderm, can
abrogate the ventral developmental defects associated with
FIG. 1. Gata4 mRNA expression in embryonic, fetal, and adult
mouse gut. Tissue sections were prepared from E8.5 (A, B), E10.5
(C–F), E14.5 (G), E18.5 (H), or P36 (I, J) mice and subjected to in situ
hybridization to detect mRNAs encoding GATA-4 (B, D, G, H, J), Ihh
(E), or Shh (F). Bright field (A, C, I) and dark field (B, D–H, J) views are
shown. At E8.5 and E10.5, GATA-4 mRNA is not evident in the rostal
foregut, but is present in endoderm located at the foregut–midgut
junction (A–D). The expression of GATA-4 overlaps with that of Ihh
(E) and partially overlaps with that of Shh (F). At E14.5, GATA-4
mRNA is present in the columnar epithelium of the hind-stomach,
but not the fore-stomach (G). At E18.5, GATA-4 mRNA is evident in
the primordial buds of the glandular gastric epithelium (H). In adult
animals, GATA-4 mRNA is expressed in the pit, neck, and isthmal
regions of gastric units, but not in the base (I, J; arrow). Abbreviations:
fg, foregut; fp, floorplate; hs, hind-stomach; ht, heart; lv, liver; pb,
primordial buds; ve, visceral endoderm. Bars, 100 mm.GATA-4 deficiency (Narita et al., 1997b). Gata62/2 mice die
ll rights reserved.
36 Jacobsen et al.FIG. 2. GATA-4 protein expression in foregut derivatives of the adult mouse. Formalin-fixed, paraffin-embedded issue sections from a
6-week-old normal mouse or H1/K1-ATPase b-subunit 21035 3 124 promoter-tox176 mouse were subjected to immunoperoxidase staining for
GATA-4 and then counterstained with hematoxylin. The nuclei of cells expressing GATA-4 stain brown, whereas nonexpressing cells stain blue.
(A) Squamous epithelial cells in the esophagus (arrow) do not express GATA-4. (B) Squamous epithelial cells of the fore-stomach (arrow) do not
express GATA-4, but cells in the adjoining glandular gastric epithelium do. (C, D) GATA-4 staining is most intense in epithelial cells within the
central portion of the gastric unit. (E) On higher magnification, GATA-4 expression is evident in mucus-secreting pit cells. Those deeper in the
gland (arrowhead) express more GATA-4 than cells at the apical surface (arrow). A mitotic figure near the bottom of the panel indicates a region
of active cell proliferation (isthmus). (F) Parietal cells (arrow) and zymogenic cell precursors in the neck region express GATA-4. (G) In the base
of the gastric unit, weak GATA-4 expression is evident in some zymogenic cells (arrow) and in some, but not all parietal cells (arrowhead). (H)
tox176 mice show reduced GATA-4 expression reflecting the lack of parietal and preparietal cells. The residual GATA-4-positive cells (arrows)
may represent progenitors that give rise to pit cells and other lineages. Bars, 100 mm (D), 30 mm (G), 30 mm (H).
© 2001 Elsevier Science. All rights reserved.
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38 Jacobsen et al.in the early postimplantation period from defects in ex-
traembryonic endoderm (Koutsourakis et al., 1999; Morri-
sey et al., 1998, 2000). Chimera studies have shown that
Gata62/2 ES cells are impaired in their ability to differenti-
ate into bronchial epithelium (Morrisey et al., 1998). Tar-
geted mutagenesis of Gata5 results in female genitourinary
tract abnormalities but no overt defects in endoderm devel-
opment or function (Molkentin et al., 2000).
In this study, we have utilized chimeric mice to examine
the role of GATA-4 in gastric epithelial morphogenesis. We
show that GATA-4 deficiency is associated with impaired
differentiation into glandular but not squamous epithe-
lium. Similarities between the phenotypes of Gata42/2
chimeras and other gut development mutants suggest
that GATA-4 may function in concert with members of
the TGF-b superfamily to promote gastric epithelial
specification/differentiation.
METHODS
Animals. ROSA26 mice, bearing a ubiquitously expressed
b-galactosidase transgene on a strain 129 background (Friedrich and
Soriano, 1992), were obtained from Jackson Labs. FVB/N mice
containing a transgene consisting of nucleotides 21035 to 124 of
the b-subunit gene of mouse H1/K1-ATPase linked to an attenu-
ated diptheria toxin A fragment (tox176) have been described
earlier (Li et al., 1996; Syder et al., 1999).
Generation and analysis of chimeric mice. Gata42/ES cells
were prepared and maintained in culture as described previously
(Kuo et al., 1997; Soudais et al., 1995). To generate the chimeric
embryos, male mice homozygous for the ROSA26 transgene
(Friedrich and Soriano, 1991) were mated to supraovulated C57BL/
6-J females. Eight-cell stage ROSA26 embryos were harvested at
2.5 d.p.c. and each morula was injected (Hogan et al., 1994) with
1–4 Gata42/2 ES cells. Alternatively, C57Bl/6 blastocysts were
injected with lacZ-tagged Gata42/2 ES cells (Kuo et al., 1997).
FIG. 3. Lectin and antibody staining of gastric units in the corpus
FVB/N mice were subjected to multilabel fluorescent staining. G
rhodamine-conjugated rabbit anti-goat IgG (A, D). FITC-labeled UA
GSII lectin was used to stain neck cells (E). Panel (C) is a composite
GATA-4 staining is in the central region of the gastric unit. Bars,
FIG. 4. Wild-type ES cells contribute to glandular gastric epitheliu
panel, and liver is at the bottom. X-Gal staining discriminates ES
bright field). Parallel tissue sections were subjected to in situ hybri
field), or GATA-6 (D, dark field). Note that wild-type ES cells diffe
markers in the correct temporospatial manner. Bar, 100 mm.
FIG. 5. Gata42/2 ES cell descendants are rare in glandular gastric e
view of the distribution of Gata42/2 cells along the length of the ga
X-gal/eosin. GATA-4-deficient cells contribute readily to the esoph
(G, arrow), and colon (H, arrow). In contrast, Gata42/2 cells are rare
stripe of GATA-4-deficient epithelium in (B). Bar, 0.5 mm.
FIG. 6. Transition zone between the fore-stomach and hind-stoma
sections were subjected to (A) in situ hybridization for H1/K1-AT
oxyntic mucosa (om) and stratified squamous epithelium (sse) of th
to the squamous epithelium of the fore-stomach but not glandular gast
© 2001 Elsevier Science. AInjected embryos were transferred to pseudopregnant Swiss–
Webster females.
X-Gal staining of whole-mount embryos and tissue sections.
Chimeras were initially identified by PCR or GPI isoenzyme analysis
(Papaioannou and Johnson, 1993). PCR of lacZ sequences was per-
formed by using tail DNA, 59-TGGCATGTGAGGCGGTTAGG-
TTATCT-39 and 59-GAGCTTTGCCACATCACAGGTCATTC-39 as
forward and reverse primers, respectively, and 25–35 cycles of 94°C for
30 s, 55°C for 1 min, and 72°C for 1 min. To visualize LacZ expression
in late gestation animals, frozen sections (10 mm) were prepared by
embedding animals in OCT cryopreservation solution (Tissue-Tek).
Sections were then fixed with 0.2% gluteraldehyde for 5–15 min,
permeabilized with 100 mM potassium phosphate, pH 7.4, 0.02%
NP-40, and 0.01% sodium deoxycholate for 5–15 min, and then
incubated in 0.5 mg/ml X-gal (Promega) with 10 mM K3[Fe(CN)6], 10
mM K4[Fe(CN)6], 100 mM potassium phosphate, pH 7.4, 0.02%
NP-40, and 0.01% sodium deoxycholate at 37°C overnight. Sections
were counterstained with eosin and examined under bright and dark
field (Narita et al., 1997a).
In situ hybridization. Frozen sections (10 mm) were fixed with
4% paraformaldehyde in PBS and subjected to in situ hybridization
as described (Heikinheimo et al., 1994). Sections were incubated
with 106 cpm of [33P]-labeled antisense riboprobe prepared using the
following linearized plasmid templates and RNA polymerases: (i),
GATA-4, BamHI-digested pBluescript SK phagemid lG14a (Arceci
et al., 1993), T7 polymerase; (ii) GATA-6, EcoRV-digested pCRII
subclone, Sp6 polymerase (Narita et al., 1996); (iii) H1,K1-
ATPase-b, HindIII-digested pBluescript SK II1 plasmid containing
the cDNA, T3 polymerase (Ketola et al., 1999); (iv) Ihh, XbaI-
digested pBluescript SK plasmid containing the cDNA, T7 poly-
merase (Bitgood and McMahon, 1995); (v) Shh, HindIII-digested
pBluescript SK plasmid containing the cDNA, T3 polymerase
(Bitgood and McMahon, 1995); (vi) ApoJ, BamHI-digested pBlue-
script SK plasmid containing the cDNA (Aronow et al., 1993).
Single and multilabel immunohistochemical studies. Frozen
sections (10 mm) were fixed with 4% paraformaldehyde and pro-
cessed for immunohistochemistry as described (Narita et al.,
1997a). Alternatively, tissue was fixed with 10% formalin in PBS,
embedded in paraffin, sectioned (4 mm), and then processed for
n of adult mice. Formalin-fixed paraffin sections from 6-week-old
-4 protein was detected by using goat anti-GATA-4 antibody and
lectin was used to stain pit and mucus cells (B), and FITC-labeled
) and (B), while Panel (F) is a composite of (D) and (E). Most of the
m.
E17.5 chimeric embryos. The stomach lumen is at the top of each
erived epithelium (arrow) from host-derived (blue) epithelium (A,
ion for H1/K1-ATPase b-subunit (B, bright field), GATA-4 (C, dark
iate into glandular gastric epithelium that expresses each of these
lium of E16.5 Gata42/27 Gata41/1 ROSA26 chimeras. Panoramic
ntestinal tract of an E16.5 chimera. Sections were genotyped with
(A, arrow), duodenum (E, arrow), pancreatic acinar cells (F), ileum
he glandular stomach epithelium (e.g., the arrow points to a small
an E18.5 Gata42/2 7 Gata41/1 ROSA26 chimera. Adjacent tissue
b-subunit, or (B) X-gal staining. The point of transition between
re-stomach is indicated by the arrow. Gata42/2 ES cells contributeregio
ATA
E-I
of (A
25 m
m in
cell-d
dizat
rent
pithe
stroi
agus
in t
ch in
Pase
e foric epithelium. Bar, 100 mm.
ll rights reserved.
39GATA-4 and Gastric Epithelial Differentiationimmunohistochemistry (Ketola et al., 1999; Li et al., 1995). Sec-
tions were stained with the following primary antibodies: (i) rabbit
anti-pepsingogen [final dilution in blocking buffer (1% bovine
serum albumin, 0.3% Triton X-100, 1 mM CaCl2 in PBS 5 1:200);
specificity 5 zymogenic cells (Lorenz and Gordon, 1993)]; (ii) goat
anti-GATA-4 (dilution 1:100, Santa Cruz Biotechnology, Santa
Cruz, CA); or (iii) affinity purified rabbit anti-GST-GATA-4 4
(dilution 1:100) (Narita et al., 1997a); mouse anti-pancytokeratin
(dilution 1:50, blocked with mouse IgG F(ab) fragment 1:100,
Sigma, St. Louis, MO); goat anti-E-cadherin (dilution 1:100, Sigma).
Antigen-antibody complexes were detected with horseradish per-
oxidase (HRP)-conjugated donkey anti-rabbit antibody (1:500, Jackson
ImmunoResearch Laboratories, West Grove, PA), biotin-conjugated
goat anti-mouse antibody (1:200, Vector Laboratories, Burlingame,
CA) or biotin-conjugated donkey anti-goat antibody (1:200, Santa
Cruz Biotechnology, Santa Cruz, CA) and the avidin-biotin immuno-
peroxidase system (Santa Cruz Biotechnology). Alternatively, com-
plexes were visualized with tyramine signal amplification using
reagents and protocols supplied by NEN Life Science Products (Bos-
ton, MA) or rhodamine conjugated rabbit anti-goat antibody [1:1000;
Chemicon, Temecula,CA (Narita et al., 1997a)]. Slides were then
counterstained with hematoxylin and/or eosin.
Lectin staining was performed on formalin-fixed tissue sections.
The lectins used were FITC-labeled Ulex europaeus agglutinin I
[UAE-I; Sigma; 1:200; cellular specificity 5 pit and surface mucus
cells (Falk et al., 1994)] and FITC-labeled Griffonia simplifolica II
[GSII; Sigma; 1:200; cellular specificity 5 neck cells (Falk et al.,
1994; Nomura et al., 1998)]. Lectins were diluted to a final
concentration in PBS blocking buffer. The methods used for mul-
tilabel staining of sections are described elsewhere (Falk et al.,
1994).
Frozen sections (10 mm) were fixed with 4% paraformaldehyde
for periodic acid Schiff (PAS) staining using a commercially avail-
able kit (Sigma). Stained sections were photographed with an
Olympus AHB2 microscope and Kodacolor 400 film.
RESULTS
Expression of GATA-4 in the stomach of normal and
transgenic mice. While expression of GATA-4 in mouse
extraembryonic endoderm, cardiomyocytes, intestinal en-
terocytes, adrenal, and gonadal cells has been carefully
delineated (Heikinheimo et al., 1994; Ip et al., 1994; Ketola
et al., 1999; Kiiveri et al., 1999; Morrisey et al., 1996; Viger
et al., 1998), relatively little is known about GATA-4
expression in the developing stomach (Mushiake et al.,
1994). To gain a more complete picture of the role of this
transcription factor in gastric morphogenesis, we examined
the expression pattern of GATA-4 in the developing stom-
ach of normal mice, using a combination of in situ hybrid-
ization and immunohistochemistry.
GATA-4 mRNA was evident in definitive endoderm cells
near the foregut/midgut junction of embryonic day 8.5–10.5
mice, but not in more rostal foregut endoderm (Figs. 1A–
1D). This pattern of expression overlapped with that of Ihh,
an endodermal signaling molecule implicated in foregut
development (Fig. 1E) (Bitgood and McMahon, 1995;
Ramalho-Santos et al., 2000). The related signaling mole-
cule, Shh, was expressed in a subset of GATA-4-positive
© 2001 Elsevier Science. Aforegut endoderm cells (Fig. 1F). At E14.5, GATA-4 mRNA
was evident in the nascent epithelium of the distal stomach
(Fig. 1G) but not the fore-stomach (data not shown). By
E18.5, GATA-4 mRNA was detected in primordial buds of
the glandular gastric epithelium (Fig. 1H). Abundant
GATA-4 mRNA was observed in the glandular gastric
epithelium of the adult mouse (Figs. 1I and 1J). Within
gastric units of the adult stomach, GATA-4 mRNA was
more prominent in the neck, isthmus, and pit regions than
in the base (Figs. 1I and 1J, arrows).
Immunohistochemistry and lectin staining were used to
further delineate the pattern of GATA-4 expression in the
adult mouse (Figs. 2 and 3). GATA-4 protein was not seen in
squamous epithelial cells of the esophagus (Fig. 2A) or
fore-stomach (Fig. 2B), but abundant GATA-4 was detected
in nuclei of epithelial cells within the glandular stomach
(Figs. 2C–2G). Although GATA-4 protein was evident in all
regions of the gastric unit (pit, isthmus, neck, and base),
staining was most intense in the central portion of each
unit (Figs. 2C, 2D, 3A, 3C, 3D, and 3F). Pit cells near the
isthmus had more GATA-4 protein than those near the
apical surface (Figs. 2E, 3A–3C), suggesting that expression
this factor is down-regulated during pit cell migration up
the gland. Most parietal cells in the pit and neck (Fig. 2F)
regions expressed GATA-4 protein, whereas only a subset of
parietal cells in the base expressed this protein (Fig. 2G).
Faint GATA-4 staining was seen in zymogenic cells in the
base of the glands (Fig. 2G).
To determine whether GATA-4 is expressed in isthmal
lineage progenitors, we surveyed adult tox176 mice (Li et
al., 1996; Syder et al., 1999). These mice contain a transgene
consisting of nucleotides 21035 3 124 of the H1/K1-
ATPase b-subunit gene linked to an attenuated diphtheria
toxin A fragment. The transcriptional regulatory elements
from the b-subunit gene are only active in preparietal cells
and their differentiated descendants (Li et al., 1996). Pari-
etal cells are completely eliminated from all gastric units in
the pedigree of tox176 mice studied (Syder et al., 1999). Loss
of parietal cells is accompanied by inhibition of the termi-
nal differentiation of neck to zymogenic cells, suggesting
that parietal cells are a source of the factors necessary for
terminal differentiation of this lineage. Parietal cell abla-
tion in tox176 mice is accompanied by enhanced prolifera-
tion of the presumptive multipotent stem cell and its
committed granule-free daughters, which become a pre-
dominant population between 4 and 16 weeks of age. As
noted in Introduction, parietal cells are the only principal
gastric epithelial cell types that complete their differentia-
tion within the isthmus. The expansion of progenitor cells
in response to parietal cell ablation suggests that the
strategically placed isthmal parietal cell is the source of
factors that affect the proliferative status neighboring isth-
mal lineage progenitors.
We observed reduced levels of GATA-4 expression in the
glandular stomach of tox176 mice (Fig. 2H). This result
supports the notion that GATA-4 is expressed in preparietal
cells and mature parietal cells of wild-type mice. Rare
ll rights reserved.
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41GATA-4 and Gastric Epithelial DifferentiationGATA-4 expressing cells were evident in the gastric units
of tox176 mice (Fig. 2H, arrows). The location of these
residual GATA-4 positive cells in the central portion of the
gastric unit suggests that these cells may be progenitors
FIG. 9. Marker analysis of GATA-4-deficient glandular gastric
epithelium in E18.5 Gata42/2 7 Gata41/1 ROSA26 chimeric mice.
Adjacent tissue sections were subjected to X-gal/eosin staining (A,
E) or marker analysis. PAS staining was used to visualize glycol-
containing cellular components (B). Cytokeratins were stained
with mouse anti-pancytokeratin and biotinylated goat anti-mouse
IgG (C). E-cadherin was detected by using goat anti-E-cadherin and
biotinylated donkey anti-goat IgG (D). Pepsinogen was stained by
using rabbit anti-pepsinogen and biotinylated donkey anti-rabbit
IgG (F). Ihh mRNA was detected by in situ hybridization (G). Black
arrows in (A–D) highlight GATA-4-deficient epithelium. White
arrows in (E–G) point to Gata41/1 tissue. Note that Gata42/2
epithelium lacks expression of pit and zymogenic cell markers
(PAS-positive mucin and pepsinogen, respectively), and the expres-
sion of other epithelial differentiation markers (cytokeratins,
E-cadherin, Ihh) is dramatically reduced in this heterotypic epithe-
lium. Bar, 100 mm.that give rise to pit cells or other lineages.
© 2001 Elsevier Science. AGata42/2 cells exhibit an intrinsic defect in gastric
epithelial differentiation. GATA-4-null mice die before
E9.5 (Kuo et al., 1997; Molkentin et al., 1997), so insights
into the role of GATA-4 in stomach development cannot be
ascertained using these animals. We used chimeric mice to
circumvent this problem. Gata42/2 ES cells or control
wild-type ES cells were injected into 8-cell stage embryos or
blastocysts derived from ROSA26 mice (Friedrich and Sori-
ano, 1991), a transgenic line that expresses b-galactosidase
in most cell types, including gut epithelial derivatives.
Control experiments using E9–E18.5 chimeras generated
from wild-type ES cells established that ES cell-derived
gastric epithelium does not produce a false-positive signal
with X-gal staining (Fig. 4A). Furthermore, parietal cells
present in primordial buds of E17.5 glandular gastric epi-
thelium could readily be detected by in situ hybridization
for H1/K1-ATPase b-subunit mRNA (Fig. 4B). Finally, we
confirmed that wild-type ES cells contribute readily to
glandular gastric mucosa and express GATA-4 and GATA-6
mRNAs at levels comparable to neighboring cells derived
from ROSA26 morulae (Figs. 4C and 4D).
E16.5–E18.5 Gata42/2 7 Gata41/1 ROSA26 chimeras
were then examined (n 5 45). The contribution of GATA-
4-deficient ES cells to various tissues was assessed in
X-gal-stained serial sections. Gata42/2 cells contributed
extensively to ectodermal and mesodermal derivatives,
including the CNS, skin, heart, somites, limb buds, and
FIG. 10. Aberrant expression of Shh in Gata42/2 gastric epithelium
of E14.5 Gata42/2 7 Gata41/1 ROSA26 chimeric mice. Adjacent
sections from the proximal (A, B), mid (C, D), or distal (E, F) stomach
were subjected to X-gal/eosin staining or in situ hybridization for Shh.
In the anterior stomach, Shh mRNA levels are equivalent in neigh-
boring patches of Gata41/1 (blue) and Gata42/2 epithelium. In the mid
and posterior stomach, Shh mRNA levels are relatively higher in
Gata42/2 epithelium. Bars, 50 mm.
ll rights reserved.
42 Jacobsen et al.gut mesenchyme (data not shown). Moreover, Gata42/2
ES cell derivatives readily populated endoderm in the
esophagus, fore-stomach, intestine, exocrine pancreas,
and lung (Figs. 5 and 6). In contrast, the percentage of
Gata42/2 cells represented in the E16.5–E18.5 gastric
glandular epithelium was considerably lower than in
esophageal, intestinal, or pancreatic epithelia (Figs. 5 and
6). This was true for chimeras derived from two indepen-
dently selected Gata42/2 ES lines.
Next, we analyzed the expression of endodermal mark-
ers in E14.5–E18.5 Gata42/2 7 Gata41/1 ROSA26 chime-
ras. In E14.5 mice, Gata4 2/2 cells contributed to
endoderm derivatives in both the fore-stomach and hind-
stomach (Figs. 7A and 7B). This hind-stomach GATA-4
deficient epithelium was morphologically indistinguish-
able from adjacent Gata41/1 endoderm. Both cell popula-
tions expressed two well-characterized markers of gut
endodermal/epithelial differentiation: ApoJ (Aronow et
al., 1993) and GATA-6 (Morrisey et al., 1996; Narita et
al., 1996) (Figs. 7C and 7D).
Though GATA-4-deficient epithelium in E14.5 chimeras
resembled wild-type tissue, Gata42/2 epithelium in E17.5–
E18.5 chimeras was grossly abnormal in appearance and
marker expression. These cells had an atypical, squamous
morphology (Figs. 8A, 8C, and 8D), similar to that reported
in Type II activin receptor-deficient mice (Kim et al., 2000).
In contrast to neighboring Gata41/1 epithelium, the hetero-
typic GATA-4 deficient epithelium did not express markers
associated with the parietal cell lineage (H1/K1-ATPase
b-subunit mRNA; Figs. 8B and 8E). This abnormal epithe-
lium did not stain with periodic acid-Schiff reagent, sug-
gesting an absence of mucin-positive pit cells (Fig. 9B).
There was little or no expression of cytokeratin (Fig. 9C) or
E-cadherin (Fig. 9D) within the heterotypic epithelium. The
GATA-4-deficient epithelium did not express pepsinogen, a
zymogenic cell marker (Fig. 9F). Finally, the heterotypic
epithelium lacked expression of Ihh (Fig. 9G). These results
indicate that GATA-4 deficiency leads to defects in speci-
fication or differentiation of parietal, zymogenic and pit cell
lineages within primordial buds. Previous studies have
shown that ablation of parietal cells results in impaired
differentiation of zymogenic cells (Li et al., 1996). Hence,
the effect of GATA-4 deficiency on zymogenic cell differ-
entiation may be indirect.
Since gastric unit morphogenesis is not completed un-
til after birth (see Introduction), we extended our analysis
to P2. For these experiments Gata42/2 ES cells tagged
with a lacZ expression plasmid (Kuo et al., 1997) were
injected into C57Bl/6 Gata41/1 blastocysts. Mice were
sacrificed at E14.5 and P2. We reasoned that this ap-
proach might afford better detection of low percentage
glandular gastric epithelium, as it is easier to identify
small numbers of blue stained cells on a white back-
ground than white cells on a blue background. Consistent
with the results obtained from Gata42/2 7 Gata41/1
ROSA26 chimeras, lacZ-tagged ES cells contributed to
lung and intestinal epithelia, but not to the glandular
© 2001 Elsevier Science. Aepithelium of the stomach of these mice (n 5 5 at E14.5;
n 5 21 at E15.5; n 5 7 at P2; data not shown)
Aberrant Shh expression in Gata42/2 epithelium. Dur-
ing embryonic development, Shh is robustly expressed in
proximal (i.e., anterior) stomach epithelium, but only
weakly in more distal (i.e., posterior) stomach (Bitgood and
McMahon, 1995). Kim et al. (2000) have shown that Shh
expression is attenuated in the distal stomach through
activin receptor-mediated signaling. Furthermore, ectopic
expression of Shh in the distal stomach epithelium or in
pancreatic endoderm of the mouse is associated with aber-
rant endoderm development (Apelqvist et al., 1997; Kim et
al., 2000). Constitutive Shh signaling in Xenopus gut mes-
enchyme results in abnormal epithelial cytodifferentiation
(Zhang et al., 2001).
We examined Shh expression in E14.5 Gata42/2 7
Gata41/1 ROSA26 chimeras. Shh mRNA levels were
equivalent in neighboring patches of wild type and Gata42/2
epithelium located in the proximal stomach (Figs. 10A and
10B). Proceeding distally, Shh expression was augmented in
Gata42/2 compared to Gata41/1 epithelium (Figs. 10C–10F).
These findings suggest that GATA-4 may lie downstream of
the activin receptor mediated signals that normally attenu-
ate Shh expression in the distal stomach.
DISCUSSION
Analysis of chimeric mice generated by introducing
Gata42/2 ES cells into Gata41/1 morulae reveals that
GATA-4 deficient cells exhibit an intrinsic defect in gastric
epithelial cell differentiation. Within the distal stomach of
E14.5 mice, Gata42/2 cells express early markers of epithe-
lial differentiation, including GATA-6 and ApoJ. However,
by E18.5, Gata42/2 cells fail to form primitive gastric units
or to support terminal differentiation of the principal gas-
tric epithelial lineages. These effects are cell autonomous;
they do not generalize to juxtaposed Gata41/1 epithelium.
The results of this study, coupled with the lack of a gastric
phenotype in mice deficient in GATA-5 (Molkentin et al.,
2000) or GATA-6 (Koutsourakis et al., 1999; Morrisey et al.,
1998), provide genetic evidence that GATA-4 serves a
unique role in regulating cytodifferentiation of definitive
endoderm to the stomach’s glandular epithelium.
In vitro studies have shown that GATA-4 (or the closely
related factors GATA-5 and GATA-6) can bind and trans-
activate several genes expressed in differentiating and ter-
minally differentiated members of the parietal and zymo-
genic cell lineages, including the b-subunit gene of H1/K1-
ATPase (Mushiake et al., 1994; Nishi et al., 1997a; Tamura
et al., 1993) and pepsinogen (Sakamoto et al., 1998, 2000).
Our results underscore the in vivo contributions of
GATA-4 to expression of these genes. In addition, Gata42/2
distal gastric epithelium exhibits augmented expression of
Shh, suggesting that this transcription factor plays a direct
or indirect role in limiting its expression. Previous studies
have shown that downregulation of Shh signaling is re-
ll rights reserved.
43GATA-4 and Gastric Epithelial Differentiationquired for gut organogenesis (Apelqvist et al., 1997; Kim et
al., 2000; Zhang et al., 2001).
Gene mutations that disrupt the balance between TGF-
b/activin and BMP signals affect mouse foregut/stomach
development and recapitulate aspects of the Gata42/2 phe-
notype. Studies in chimeric mice have demonstrated that
Smad2, which mediates TGFb-related signaling, is required
for formation of gut endoderm (Tremblay et al., 2000).
Differentiation and/or migration of definitive endoderm
cells is impaired in embryos lacking Furin/SP1, a protease
involved in proteolytic maturation of TGF-b, BMP-4, and
Nodal precursors (Constam and Robertson, 2000). Mice
deficient in the type II activin receptors, ActRIIA and
ActRIIB, have disrupted development of the glandular
stomach, pancreas, and spleen (Kim et al., 2000).
ActRIIA1/2 ActRIIB2/2 embryos exhibit ectopic expression
of Shh and transformation of the distal stomach epithelium
from columnar to stratified squamous morphology, a phe-
notype reminiscent of Gata42/2 chimeras. Intriguingly, per-
sistent stimulation of type II activin receptors with supra-
physiological levels of activins also disrupts gastric
epithelial cell differentiation (Li et al., 1998; Matzuk et al.,
1995). Collectively, these similarities among phenotypes
provide circumstantial evidence that GATA-4 is involved
in the response of gastric epithelium to TGF-b superfamily
members. Additional evidence that GATA factors mediate
TGF-b superfamily signaling comes from studies with
chick (Narita et al., 2000; Sakamoto et al., 2000), zebrafish
(Reiter et al., 1999, 2001; Rodaway et al., 1999), and
Xenopus (Weber et al., 2000) embryos, and from experi-
ments on mouse P19 embryonal carcinoma cells (Monzen
et al., 1999).
The activity of GATA binding proteins can be modulated
through interactions with other transcription factors, coac-
tivators, and repressors, including factors independently
implicated in endoderm development (reviewed in Molken-
tin, 2000). For example, GATA-4 cooperates with fork head
family members, such as HNF3b, to impart genes with the
potential to be activated in endodermal tissues (Zaret,
1999). Tetraploid chimera experiments have shown that
embryos deficient in HNF3b lack anterior and midgut
tissues (Dufort et al., 1998). GATA-4 interacts synergisti-
cally with Nkx2.5 to activate an assortment of target genes
in the heart (Sepulveda et al., 1998). Intriguingly, Nkx2.5
and other tinman family members are expressed in the
developing foregut (Biben et al., 1998; Evans et al., 1995;
Lee et al., 1996; Oster et al., 1998; Reecy et al., 1997; Sussel
et al., 1998). Introduction of a dominant negative Nkx2.5
into chick gut is associated with decreased gland formation
in the proventriculus (Smith et al., 2000).
Recent studies have identified genes expressed selectively
in human gastroesophageal cancers. GATA4 is amplified and
overexpressed in a subset of gastric and esophageal adenocar-
cinomas, but not in human lung adenocarcinomas, esophageal
squamous cell carcinomas, or Barrett’s esophagus, a metaplas-
tic epithelial precursor lesion for esophageal adenocarcinoma
(Bai et al., 2000; Lin et al., 2000). These findings suggest that
© 2001 Elsevier Science. AGATA-4 may play a role in the development or maintenance
of the malignant glandular phenotype in gastroesophageal
adenocarcinomas. The association between human GATA4
and gastric adenocarcinoma resonates with our studies link-
ing murine Gata4 to gastric gland differentiation. Of note,
enhanced or persistent expression of GATA-4 has been docu-
mented in other malignant tumors, including adrenocortical
carcinoma (Kiiveri et al., 1999), ovarian/stromal cell tumors
(Laitinen et al., 2000), and endodermal sinus tumor (Siltanen
et al., 1999). In contrast, benign adrenal or gonadal tumors do
not express GATA-4 (Kiiveri et al., 1999; Siltanen et al., 1999).
That GATA-4 expression is preserved or enhanced in tissues
during malignant transformation underscores the importance
of this factor in the regulation of epithelial cell proliferation.
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